Tonsillar disease (recurrent tonsillitis and/or tonsillar hypertrophy) is one of the most common human disorders, with Streptococcus pyogenes (group A beta-hemolytic streptococcus [GAS]) and Haemophilus influenzae representing the most common pathogens. Until now, no study has investigated why some individuals are more susceptible to tonsillar infections caused by specific bacteria than others. The aim of this study was to uncover possible associations between common Toll-like receptor gene (TLR) polymorphisms and tonsillar disease. The TLR2-R753Q, TLR4-D299G, and TLR4-T399I polymorphisms were determined in a cohort of 327 patients subjected to tonsillectomy due to recurrent tonsillitis (n ‫؍‬ 245) and tonsillar hypertrophy (n ‫؍‬ 82) and 245 healthy bone marrow donors. Associations of the aforementioned polymorphisms with the isolated bacterial strains after tonsillectomy were also investigated. Interestingly, carriers of the TLR4 polymorphisms displayed an approximately 3-fold increased risk for GAS infections (for TLR4-D299G, odds ratio [OR] ‫؍‬ 2.81, 95% confidence interval [CI] ‫؍‬ 1.16 to 6.79, P ‫؍‬ 0.038; for TLR4-T399I, OR ‫؍‬ 3.01, 95% CI ‫؍‬ 1.29 to 7.02, P ‫؍‬ 0.023), and this association was more profound in patients with recurrent tonsillitis. On the contrary, the presence of the TLR4-T399I polymorphism was associated with a 2-fold decreased risk of Haemophilus influenzae carriage (OR ‫؍‬ 0.38, 95% CI ‫؍‬ 0.15 to 0.96, P ‫؍‬ 0.038). In the end, no significant differences were observed, considering the genotype and allele frequencies of the above-mentioned polymorphisms, between patients and controls. Our findings indicate that, regarding tonsillar infections, TLR4 polymorphisms predispose individuals to GAS infection, while they are protective against Haemophilus influenzae infection. This result further elucidates the role that host immune genetic variations might play in the susceptibility to common infections and tonsillar disease.
Tonsillar disease is one of the most common human disorders and is accompanied by symptoms such as recurrent acute tonsillitis, peritonsillar abscess, and tonsillar hypertrophy (TH). Tonsillectomy is indicated in cases of recurrent or persistent symptoms of tonsillar infection or hypertrophy and has functional consequences (dyspnea or dysphagia, mouth breathing, obstructive sleep apnea, etc.), and it represents one of the most frequent operations performed, especially in children (10, 34) . Several studies have demonstrated that Streptococcus pyogenes (group A beta-hemolytic streptococci [GAS] ) and Haemophilus influenzae, isolated in 14 to 37% and 16 to 32% of the patients, respectively, are the most common bacteria causing tonsillar disease (10, 15, 19, 30, 34) . The same bacteria, however, have also been isolated from the tonsils of healthy individuals (34) . In general, no significant variations in microbial flora between patients with tonsillar disease and healthy controls have been observed (32, 34) . Therefore, the emerging and still unanswered questions are why are some individuals more susceptible to tonsillar infections, as well as why do some of them suffer from infections by specific bacteria? Although environmental factors, such as day care attendance or the number of siblings, influence the morbidity from common bacteria (1) , it is noteworthy that a genetic predisposition for tonsillar disease has also been observed (14) .
Early studies have shown that protection against infections is linked to the ability of the host to generate sufficient immune responses against essential bacterial elements (11, 13) . To this end, the family of Toll-like receptors (TLRs) plays a central role, recognizing evolutionarily conserved pathogen-associated molecular patterns (PAMPs) present on most types of microorganisms (9) . Among them, TLR2 and TLR4 are located on the cell surface and recognize bacterial products unique to the invading organisms, including GAS and Haemophilus influenzae (20, 24, 31) . Recently, single nucleotide polymorphisms (SNPs) of TLR2 and TLR4 have been associated with receptor hyporesponsiveness and immunopathology, including susceptibility to bacterial, fungal, and viral infections (23) . However, the possible contribution of these SNPs toward tonsillar immunopathology is completely unknown.
The aim of this study was to investigate whether common SNPs of TLR2 and TLR4, in particular, TLR2-R753Q (SNP database [dbSNP] accession no. rs5743708), TLR4-D299G (dbSNP accession no. rs4986790), and TLR4-T399I (dbSNP in LB medium (USB, Cleveland, OH), whereas PCR and sequencing were performed as described above (26) .
In order to verify results obtained using the 16S rRNA, all specimens were examined, using primers specific for GAS and Haemophilus influenzae (18, 22, 26) . In particular, the PCR primers for the GAS gene were forward primer 5Ј-GAGAGACTAACGCATGTTAGTA-3Ј and reverse primer 5Ј-TAGTTACC GTCACTTGGTGG-3Ј, and the PCR conditions were 30 s at 95°C, followed by 40 cycles of 95°C for 15 s, 50°C for 30 s, and 72°C for 30 s and 10 min at 72°C after the last cycle. The PCR primers for the Haemophilus influenzae gene were forward primer 5Ј-TATCACACAAATAGCGGTTGG-3Ј and reverse primer 5Ј-GGCCAAGAGATACTCATAGAACGTT-3Ј, and the PCR conditions were 5 min at 95°C, followed by 35 cycles of 95°C for 25 s, 57°C for 40 s, and 72°C for 60 s and 7 min at 72°C after the last cycle.
Molecular detection of TLR2 and TLR4 SNPs. Detection of the TLR4-D299G and TLR4-T399I SNPs was performed by allele-specific PCR, followed by restriction fragment length polymorphism (PCR-RFLP) analysis, as described previously (16, 29) . In brief, in both reactions the forward primers were modified at the 5Ј end, creating restriction enzyme recognition sites (NcoI for the TLR4-D299G polymorphism and HinfI for the TLR4-T399I polymorphism), so that if a polymorphism was present, PCR-RFLP analysis would create digestion fragments visible on agarose gels (16, 29) . The primers for the detection of the TLR4-D299G SNP were forward primer 5Ј-GATTAGCATACTTAGACTACT ACCTC(G)CATG-3Ј and reverse primer 5Ј-GATCAACTTCTGAAAAAGCA TTCCCAC-3Ј. The primers for the detection of TLR4-T399I SNP were forward primer 5Ј-GGTTGCTGTTCTCAAAGTGATTTTGGGA(C)GAA-3Ј and reverse primer 5Ј-GATCAACTTCTGAAAAAGCATTCCCAC-3Ј. The nucleotides in parentheses were modified and changed to the underlined ones. The conditions of both PCRs were 2 min at 94°C, followed by 32 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 60 s and 5 min at 72°C after the last cycle. For the TLR4-D299G SNP, a 249-bp fragment was amplified by PCR and subjected to NcoI digestion (Invitrogen, United Kingdom) for 4 h at 37°C. The presence of undigested PCR products was indicative of wild-type samples, whereas the presence of the polymorphism resulted in the digestion of the PCR products to 218-bp and 31-bp fragments. For the TLR4-T399I SNP, a 407-bp fragment was amplified by PCR and subjected to HinfI digestion (New England BioLabs, United Kingdom) for 4 h at 37°C. The presence of undigested PCR products was indicative of wild-type samples, whereas the presence of the polymorphism resulted in the digestion of the PCR products to 375-bp and 32-bp fragments.
The detection of the TLR2-R753Q polymorphism was also performed by PCR-RFLP analysis (27) . The protocol was designed on the basis of the fact that the polymorphism results in the creation of a DNA sequence recognized by the restriction enzyme SfcI (New England BioLabs). The PCR primers were forward primer 5Ј-TATGGTCCAGGAGCTGGAGA-3Ј and reverse primer 5Ј-TGACA TAAAGATCCCAACTAGACAA-3Ј, and the PCR conditions were 2 min at 94°C, followed by 38 cycles of 94°C for 30 s, 64°C for 30 s, and 72°C for 45 s and 5 min at 72°C after the last cycle. The presence of undigested PCR products (430 bp) was indicative of wild-type samples, whereas the presence of the polymorphism resulted in the digestion of the PCR products to 307-bp and 123-bp fragments.
For all PCRs described here, a total of 100 to 200 ng of DNA was amplified in a 30-l reaction mixture using 62.5 M each deoxynucleoside triphosphate, 20 pmol of each primer, 1.5 mM MgCl 2 , and 1.0 U Taq polymerase (Invitrogen, United Kingdom) in a buffer supplied by the manufacturer. All PCR and digestion procedures were carried out in the PCR engine apparatus PTC-200 (MJ Research, Watertown, MA), and the PCR and digestion products were analyzed in 2% TBE (Tris-borate-EDTA) agarose gels.
For confirmation of the PCR-RFLP analysis results, randomly chosen PCR products positive and negative for the TLR polymorphisms were purified by use of a PCR purification system (Qiagen) and were directly sequenced using an ABI Prism 310 genetic analyzer (Applied Biosystems, Foster City, CA) and a BigDye Terminator DNA sequencing kit (Applied Biosystems).
Statistical analysis. Pearson's chi-square test with Yates' continuity correction was used to compare the allele and genotype frequencies between BMDs, patients, and patient subgroups, while Fisher's exact test was performed when needed. Continuous variables were compared using the nonparametric MannWhitney U test. An association was expressed as the odds ratio (OR) with the corresponding 95% confidence interval (CI), and a variable was considered significant when P was Ͻ0.05. Finally, Spearman's correlation coefficient (r) was used to correlate the presence of SNPs with age and disease. The above analyses were performed using the Statistical Package for the Social Sciences (SPSS; version 13; Chicago, IL). Moreover, the deviations from Hardy-Weinberg equilibrium were evaluated using the freely available software Arlequin (version 3.11; http://cmpg.unibe.ch/software/arlequin3).
RESULTS
TLR polymorphism analysis in patients with tonsillar disease and BMDs. None of the patients with tonsillar disease showed homozygosity for any SNP or double heterozygosity of the TLR2-R753Q and TLR4-D299G or TLR4-T399I polymorphisms. Moreover, the G allele of the TLR4-D299G SNP has a high level of linkage disequilibrium with allele C of the TLR4-T399I SNP for both patients and BMDs, as reported previously (28) . When the allele frequencies of the TLR4-D299G, TLR4-T399I, and TLR2-R753Q polymorphisms are considered, no significant differences were observed between patients and controls (5.05% and 6.94%, respectively, for TLR4-D299G [P ϭ 0.203]; 5.51% and 6.74%, respectively, for TLR4-T399I [P ϭ 0.452]; and 1.07% and 0.61%, respectively, for TLR2-R753Q [P ϭ 0.530]). Moreover, no significant differences in genotype and allele frequencies of the aforementioned SNPs were found when the two tonsillar groups were separately compared with BMDs (for the RT group, P ϭ 0.680 and P ϭ 0.512, respectively, for TLR4-D299G; P ϭ 0.890 and P ϭ 0.603, respectively, for TLR4-T399I; and P ϭ 0.339 and P ϭ 0.224, respectively, for TLR2-R753Q; for the TH group, P ϭ 0.107 and P ϭ 0.085, respectively, for TLR4-D299G; P ϭ 0.420 and P ϭ 0.267, respectively, for TLR4-T399I; and P ϭ 0.576 and P ϭ 0.577, respectively, for TLR2-R753Q).
In the end, no significant correlation of any SNP with tonsillar disease groups (r ϭ Ϫ0.064 and P ϭ 0.127 for TLR4-D299G, r ϭ Ϫ0.037 and P ϭ 0.380 for TLR4-T399I, r ϭ 0.007 and P ϭ 0.866 for TLR2-R753Q) or age (r ϭ Ϫ0.014 and P ϭ 0.745 for TLR4-D299G, r ϭ Ϫ0.015 and P ϭ 0.713 for TLR4-T399I, r ϭ 0.035 and P ϭ 0.410 for TLR2-R753Q) was observed ( Fig. 1) .
Association of TLR polymorphisms with Streptococcus pyogenes and Haemophilus influenzae infections. Among patients with tonsillar disease, Haemophilus influenzae was isolated from 105 patients (32.1%) and GAS was isolated from 38 (11.6%), while both bacteria were identified in 10 of these patients. Consequently, we compared the prevalence of TLR polymorphisms in subgroups of patients according to the cause of tonsillar disease. As shown in Table 1 , the TLR4-D299G and TLR4-T399I polymorphisms were strongly associated with GAS, since the carriers displayed an approximately 3-fold increased risk for GAS infection (Table 1) . This finding was also profound even for carriers of both TLR4 polymorphisms (genotype frequency, 21.6% versus 8.4%, odds ratio ϭ 3.00, 95% CI ϭ 1.23 to 7.28, P ϭ 0.019; allele frequency, 10.8% versus 4.2%, odds ratio ϭ 2.94, 95% CI ϭ 1.21 to 7.13, P ϭ 0.021). On the other hand, no association of the TLR2-R753Q polymorphism with GAS was found (P ϭ 0.418 and P ϭ 0.419 for genotype and allele frequencies, respectively). Moreover, we also observed that GAS infections were more prominent in patients below age 14 years than adult patients (Table 1) .
Further analysis regarding the different tonsillar groups demonstrated a strong association between both TLR4 SNPs and GAS infection only for the RT group. In particular, patients with TLR4-T399I and recurrent tonsillitis exhibited a 2.6-fold increased risk for GAS infections (P ϭ 0.043, 95% CI ϭ 1.12 to 6.25), while the presence of the TLR4-D299G polymorphism was also associated with a 2.2-fold increased risk, but the difference did not reach statistical significance (P ϭ 0.075, 95% CI ϭ 0.94 to 6.32). In the end, carriers of both TLR4 SNPs displayed a 2.5-fold increased risk for GAS infections; however, the difference was not significant (odds ratio ϭ 2.55, 95% CI ϭ 0.98 to 6.63, P ϭ 0.068).
On the other hand, the presence of the TLR4-D299G and TLR4-T399I polymorphisms was not associated with GAS infections in the TH group (P ϭ 0.273 and P ϭ 0.362, respectively). In the end, no association of the TLR2-R753Q SNP with GAS infections was observed for either of the two groups.
Interestingly, as presented in Table 2 , the presence of the TLR4-T399I polymorphism was associated with an almost 2-fold decreased risk of Haemophilus influenzae infection, as indicated by genotype and allele frequency analyses. Interestingly, an almost similar association was observed with the TLR4-D299G polymorphism, but it failed to reach statistical significance (Table 2) . Moreover, the carriers of both TLR4 SNPs displayed a 2-fold decreased risk of Haemophilus influ- 
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on September 20, 2017 by guest http://cvi.asm.org/ enzae infection, but this difference also failed to be significant (odds ratio ϭ 0.45, 95% CI ϭ 0.16 to 1.25, P ϭ 0.131). On the other hand, the presence of the TLR2-R753Q SNP did not affect the possibility of Haemophilus influenzae infection (Table 2). A further analysis regarding the RT and TH groups did not reveal any significant association between TLR polymorphisms and Haemophilus influenzae infections (data not shown).
As mentioned above, both bacterial strains were isolated from 10 patients (5 males, 5 females; mean Ϯ standard deviation [SD] age, 9.1 Ϯ 6.3 years; 8 patients with RT and 2 with TH). Interestingly, in this group the genotype and allele frequencies of both TLR4 polymorphisms were extremely high (30% and 15%, respectively); however, due to the low number of these patients, further statistical analysis was not performed.
DISCUSSION
To the best of our knowledge, this is the first study presenting strong associations between common TLR polymorphisms and tonsillar disease. Analyzing a large cohort of patients subjected to tonsillectomy due to recurrent tonsillitis and/or tonsillar hypertrophy, clear evidence demonstrating that TLR4 polymorphisms are associated with an increased risk of recurrent tonsillitis due to GAS infections is provided. Simultaneously, their presence, especially the presence of the TLR4-T399I SNP, seems to provide protection against Haemophilus influenzae infection and/or carriage. On the contrary, no association between the TLR2-R753Q polymorphism and a predisposition to tonsillar disease was found.
GAS is an important human Gram-positive pathogen responsible for a wide spectrum of infections, ranging from mild diseases (e.g., acute tonsillitis) to serious illnesses (e.g., recurrent tonsillitis, necrotizing fasciitis, sepsis, and severe poststreptococcal sequelae) (3, 4) . The factors that provoke pathogen virulence, enabling GAS to escape immune surveillance or, on the contrary, inducing an overreaction of the immune system, are not clear (3, 4) . Recent studies have demonstrated that a multimodal recognition of GAS by TLRs, including TLR2 and TLR4, takes place, in which a combination of different TLR-mediated signals is essential for a rapid and effective response to the pathogen (5, 31, 35) . The two TLR4 SNPs analyzed in this study (D229G and T399I) are located in the third exon of the gene and alter the extracellular domain of the receptor (2). They have been associated with receptor hyporesponsiveness in macrophages, epithelial cells, and peripheral blood mononuclear cells, resulting in impaired TLR4 signaling (2) . Thus, we could expect that the presence of TLR4 SNPs might result in impaired signaling, induced by hyaluzonan and/or other GAS cytolysins, leading to a reduced clearance of pathogens, invasive disease, and recurrent infections. Interestingly, similar results have also been reported by Yuan et al., who showed that the genetic variability of TLR4 is associated with an increased risk of developing invasive disease by Streptococcus pneumoniae, another Gram-positive bacterium (36) . Moreover, we demonstrated that the carriers of the TLR4-T399I SNP displayed a decreased risk for Haemophilus influenzae carriage and/or infection, namely, the opposite effect of the presumed receptor hyporesponsiveness. Similar results have also been reported recently by Hawn et al., who showed that the presence of the TLR4-D299G SNP was associated with protection from recurrent cystitis, a condition mainly caused by Gram-negative bacteria (7). This could be considered a paradox, since TLR4 is the principal receptor of the lipopolysaccharide (LPS) of Gram-negative bacteria (21) . However, it has been proposed that the carriers of the above-mentioned TLR4 SNPs may be more resistant to localized forms of endotoxininduced inflammation (as in our case) and more susceptible to a systemic inflammatory response initiated or exacerbated by endotoxin (2) . On the other hand, in the principal study of Arbour et al., not all the subjects who were hyporesponsive to LPS had TLR4 mutations, and not everyone with the TLR4 mutation was hyporesponsive to LPS (2) . This suggests that TLR4 mutations might act in concert with other genetic changes or acquired factors to influence the complex immunologic response to pathogens. For example, the cocolonization of interspecies (GAS versus Haemophilus influenzae) might be common, and these species may have evolved to have specific mechanisms for targeting one another (14) . Thus, the altered immune responses due to the presence of a functional polymorphism could facilitate the colonization of one species (for example, that of GAS in tonsils), preventing the colonization of the other (e.g., Haemophilus influenzae). Results from in vitro studies that could further elucidate the precise mechanisms of the actual responsiveness of a mutated TLR4 against specific cellular components of GAS and Haemophilus influenzae species are still not available.
As mentioned above, the presence of the TLR4-D299G SNP, alone or in combination with TLR4-T399I, was associated with a significantly increased risk for tonsillar GAS infections and a decreased, but not significant, probability for Haemophilus influenzae ones. Although cells expressing both mutations display less TLR4 receptor expression and are less responsive to stimulation with LPS (32), initial in vitro studies (25) . In this context, the replacement of the conserved aspartic acid with glycine at position 299 theoretically causes disruption of the ␣-helical protein structure, resulting in an extended ␤ strand, while substitution of isoleucine for threonine at position 399 should not alter the structure of the extracellular domain of the receptor (6, 25) . However, this might not be the case in vivo, since recent gene association studies have shown that the above-mentioned SNPs could affect disease development in a different way. For example, Kiechl et al. observed that the TLR4-D299G SNP has a more profound protective effect against atherosclerosis risk than TLR4-T399I (12) , while only the TLR4-T399I SNP seems to affect the susceptibility to ulcerative colitis (33) or the development of chronic pulmonary obstructive disease in smokers (28) and protects Caucasian patients with chronic hepatitis caused by hepatitis C virus from fibrosis progression (8) . Similarly, in this study we demonstrated that the presence of the TLR4-T399I SNP confers a more profound effect than TLR4-D299G, predisposing individuals to GAS tonsillar infection and protecting individuals from Haemophilus influenzae tonsillar infection.
In conclusion, our findings indicate that TLR4 polymorphisms predispose individuals to GAS infections and protect them against Haemophilus influenzae infections in the tonsils. This result further elucidates the role that host immune genetic variations might play in susceptibility to common infections and tonsillar disease.
